Dentin collagen is a major component of the hybrid layer, and its stability may have a great impact on the properties of adhesive interfaces. We tested the hypothesis that the use of tannic acid (TA), a collagen cross-linking agent, may affect the mechanical properties and stability of the dentin matrix. The present study evaluated the effects of different concentrations of TA on the modulus of elasticity and enzymatic degradation of dentin matrix. Hence, the effect of TA pre-treatment on resin-dentin bond strength was assessed with the use of two bonding systems. Sound human molars were used and prepared according to each experimental design. The use of TA affected the properties of demineralized dentin by increasing its stiffness. TA treatment inhi bited the effect of collagenase digestion on dentin matrix, particularly for 10%TA and 20%TA. The TA-dentin matrix complex resulted in improved bond strength for both adhesive systems.
superior mechanical properties, a composite resin restoration lasts an average of 7 yrs in posterior teeth (Mjör, 1997; Burke et al., 1999; Mjör et al., 2000; Bogacki et al., 2002; Sarrett, 2005) . Clinical studies have reported that approximately 50% of all restorations placed by dentists replace existing restorations (Burke et al., 1999; Mjör et al., 2000; Bogacki et al., 2002; Sarrett, 2005) . Failure at the material-tooth interface (secondary caries) is the primary reason given for the replacement of composite restorations and accounts for 30-60% of all restorations placed (Burke et al., 1999; Mjör et al., 2000; Sarrett, 2005) . Therefore, there is a necessity to improve the restoration interface to minimize the replacement of restorations and consequently improve health care and reduce health care costs.
The mechanical properties of dentin are a fundamental aspect of restorative procedures, since dentin constitutes the greatest volume of tooth structure. Dentin is a complex mineralized tissue arranged in an elaborate three-dimensional framework composed of tubules extending from the pulp to the dentino-enamel junction, and inter-tubular and peri-tubular dentin. It presents an intricate composition comprised of 70% (by weight) mineral, 20% organic components, and 10% water (Linde, 1989) . As the major component of the dentin organic matrix, fibrillar type I collagen plays a number of structural roles, such as to provide the tissue with viscoelasticity, forming a rigid, strong space-filling biomaterial (Butler, 1995; Scott, 1995; Cheng et al., 1996) . Type I collagen is a heterotrimeric molecule composed of two α1 chains and one α2 chain that is comprised of 3 domains: the NH 2 -terminal non-triple helical (N-telopeptide), the central triple helical, and the COOHterminal non-triple helical (C-telopeptide) domains. Intermolecular crosslinks are the basis for the stability, tensile strength, and viscoelasticity of the collagen fibrils (Yamauchi, 2000) . Several synthetic and natural chemicals have the ability to increase the number of covalent inter-and intra-molecular collagen cross-links (Sung et al., 1999; Han et al., 2003) and affect its properties. Tannic acid, a commercial form of condensed tannin, is a naturally occurring polyphenol with weak acidity that has the ability to modify collagen chemically (Jastrzebska et al., 2006) .
Alterations to the collagen, mostly by modification in the number of crosslinks, provide the collagen matrix with enhanced mechanical properties and lower rates of enzymatic degradation. These two properties are desirable for dentin collagen as a component of tooth restorations. The purpose of this study was to assess the effect of tannic acid on the mechanical properties of dentin matrix and the resin-dentin bonded interface. The null hypotheses tested were that tannic acid has no affect on the stiffness or ultimate tensile strength of the dentin matrix or on resin-dentin bond strength.
MATERIALS & METHOdS
After informed consent was obtained, 46 extracted human teeth were collected under a protocol approved by the Institutional Review Board committee from the University of Illinois at Chicago (protocol #2006-0229). Tannic acid was obtained from Fisher Biotech (Fair Lawn, NJ, USA). Bacterial collagenase from Clostridium histolyticum (type I, > 125 CDU/mg solid) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Modulus of Elasticity of demineralized dentin
We obtained thick disks (1.7 ± 0.1 mm) from middle coronal dentin by sectioning the occlusal and cervical portions of each crown using a diamond wafering blade (Buehler-Series 15LC Diamond, Buehler, Lake Bluff, IL, USA). The disks were then sectioned into 0.5 ± 0.1-mm-thick beams (n = 5 beams per tooth) in the mesio-buccal direction and further trimmed by means of a cylindrical diamond bur (#557D, Brasseler, Savannah, GA, USA) to a final rectangular dimension of 0.5 mm thickness x 1.7 mm width x 6.5 mm length (Fig. A) . A dimple was made at one end of each surface to allow for repeated measurements to be performed on the same surface. Samples were fully demineralized in a 10% phosphoric acid solution (LabChem Inc., Pittsburgh, PA, USA) for 5 hrs, which was verified by x-ray. [For complete method details, refer to Bedran-Russo et al. (2008) .] Demineralized specimens (n = 36) were treated with 3 tannic acid (TA) concentrations [1, 10, and 20 w/v%] dissolved in distilled water. Specimens were immersed in water for baseline measurements and then in their respective TA solutions for 10 min, 30 min, 1 hr, 2 hrs, 24 hrs, and 48 hrs of cumulative exposure time.
An aluminum alloy fixture with a 2.5-mm span between supports was glued to the bottom of a glass Petri dish. Specimens were tested in compression, while immersed in distilled water, by means of a testing machine (EZ Graph, Shimadzu Co., Kyoto, Japan), with a 100-gram load cell at a crosshead speed of 0.5 mm/min. Load-displacement curves were converted to stress-strain curves, and the apparent modulus of elasticity was calculated at 3% strain (Bedran-Russo et al., 2008) .
Resistance against Enzymatic degradation-Ultimate Tensile Strength (UTS)
Dentin beams described above (Fig. A) , but with dimensions of 0.5 x 1.7 x 6.5 mm, were made into hour-glass-shaped samples with a neck area of 0.5 ± 0.1 x 0.5 ± 0.1mm at middle dentin, with the use of a cylindrical diamond bur (Fig. B ). These samples were fully demineralized in 10% phosphoric acid solution (LabChem, Inc.) for 5 hrs. Samples (n = 12) were randomly divided into 4 treatment groups: control (distilled water), 1% TA, 10% TA, and 20% TA. Specimens were kept in their solutions for 1 hr, thoroughly rinsed, and either subjected or not to enzymatic challenge for 24 hrs in 0.2 M ammonium bicarbonate buffer (pH = 9.5) or 24 hrs in the same buffer with bacterial collagenase (100 μg/mL). For UTS evaluation, the specimens were glued with a cyanoacrylate adhesive (Zapit; Dental Ventures of America Inc., Corona, CA, USA) to a jig, which was mounted on a microtensile tester machine (Bisco, Schaumburg, IL, USA) and tested at a crosshead speed of 1 mm/min.
Resin-dentin Properties-Microtensile Bond Strength Test (μTBS)
The occlusal surfaces of 30 molars were ground flat with #180and 320-grit silicon carbide paper for enamel removal, and with 600-grit silicon carbide paper under running water to expose middle crown dentin. The prepared dentin surfaces were randomly divided into 3 groups (n = 10): 20%TA (pH 2.8), 20%TA (pH 7.2), and control (distilled water). Each group was then subdivided according to the bonding systems used, Adper Single Bond Plus (3M ESPE, St. Paul, MN, USA) or One Step Plus (Bisco). First, dentin was etched with the respective bonding system etchant and then treated for 1 hr with the respective test solutions. After 1 hr, samples were thoroughly rinsed for 4 min, and bonding procedures were resumed following the manufacturers' instructions. We used Filtek supreme (3M ESPE) composite resin to build a 5-mm crown incrementally to allow for the testing. Specimens were stored in distilled water at 37°C for 24 hrs.
The bonded samples were then sectioned into 0.8 ± 0.1 by 0.8 ± 0.1-mm-thick beams, glued with a cyanoacrylate adhesive (Zapit) to a jig, which was mounted on a microtensile testing machine (Bisco) and subjected to tensile testing at a crosshead speed of 1 mm/min. Only 8 beams with the most dentin were tested (Fig. C) . Figure. Sample preparation. (A) 1.7-mm disks of dentin were sectioned from the mid-coronal dentin. The disks were further sectioned occlusal-gingivally to obtain 0.5-mm dentin slices for evaluation of the 'modulus of elasticity' method of demineralized dentin. (B) The ultimate tensile strength test was performed with dentin slices obtained in the same manner as described for A, and specimens were further trimmed into an hour-glass-shaped sample. (C) Resin-dentin beams were obtained from the center of the occlusal surface to avoid enamel and extremes of the edge of dentin for microtensile bond strength.
The data from the 3 analyses were collected and statistically analyzed by two-way ANOVA and Fisher's PLSD test at a 95% confidence interval.
RESULTS
The moduli of elasticity of dentin matrices, as a function of tannic acid concentration treatment and exposure time, are listed in Table  1 . No statistically significant interaction was observed between the two factors (treatment vs. time, p = 0.145). The different TA concentrations and exposure times significantly affected the stiffness values (p < 0.0001).
When demineralized dentin matrices were pre-treated with TA for 1 hr, the treatment significantly increased (p < 0.001) the UTS (Table 2) . When specimens were incubated with bacterial collagenase for 24 hrs, the UTS of the untreated controls fell to zero, while the UTS values of the TA-treated specimens were not significantly different from those of control specimens incubated in buffer without collagenase (Table 2) .
To determine if the carboxylic acid group of tannic acid contributed to increases in μTBS, we prepared two 20% solutions of TA (pH 2.8 vs. 7.2) to be far below and far above the pKa of TA (4.4). The resin-dentin bond strength data are given in Table  3 . Two-way ANOVA revealed that there was no statistically significant interaction between the factors evaluated (surface treatment vs. adhesive system, p = 0.5717). Treatment of the surface with 20% tannic acid resulted in a statistically significant increase in the μTBS values when compared with those of a control group (p < 0.0001). The two formulations of TA with different pH were equal at increasing the bond strength (p = 0.2167), while the adhesive system (p = 0.0203) significantly affected the μTBS values.
dISCUSSION
Reports of tannic acid use in dentistry as a desensitizing agent, astringent, and surface treatment for smear layer removal have been previously described (Bitter, 1989; Prati et al., 1992; Sabbak and Hassanin, 1998; Natsir et al., 1999; Okamoto et al., 1991; Tomiyama et al., 2004) , but no information exists regarding its effect on the mechanical properties of dentin and adhesive-dentin interfaces. The present study showed that tannic acid significantly affected dentin matrix properties and resin-dentin bond strength; therefore, the null hypotheses must be rejected.
While most efforts to improve the mechanical properties of dentin-bonded interfaces rely on impro vement of restorative materials and techniques, the present study explored the potential effects of biochemical modifications to tooth structures on the behavior of dentin and dentin-bonded interfaces.
Analysis of the present data showed that the use of TA increased the modulus of elasticity of demineralized dentin matrix, where the effect was concentration-and time-dependant. Twenty percent TA resulted in the highest E values, and extended time exposure increased the dentin stiffness. Tannic acid is a naturally occurring collagen cross-linking agent consisting of a complex mixture of polygalloylglucose esters. Increased mechanical properties of collagen films and aortic wall after the use of TA have been reported (Koide and Daito, 1997; Isenburg et al., 2006) . Structural and dynamic changes in TA-collagen interactions have been characterized by infra-red spectroscopy in TA-stabilized pericardial tissue (Jastrzebska et al., 2006) . Hydrogen bonds are formed between amide NH groups from collagen and hydroxyl groups from TA (Jastrzebska et al., 2006) . It can be expected that changes to dentin matrix would be similar to other type I collagen-based tissues; therefore, the formation of hydrogen bonds by TA is most likely accountable for the changes to dentin modulus of elasticity. The assessment of collagen stability can be performed by subjecting dentin matrix to proteolytic challenge. The use of a traditional 'ultimate tensile strength' protocol revealed that dentin matrix samples that were treated with different concentrations of TA maintained their tensile strength values. In contrast, untreated samples (control) were fully digested by collagenase treatment after 24 hrs. Resistance to collagenase digestion is a crucial property of a TA-collagen matrix, since it indicates an increase in stability and possibly a protection mechanism against degradation over a long period of time. Analysis of the data indicates that TA treatment inhibited the action of collagenase, either by masking the cleavage sites or decreasing the enzymatic activity. Bacterial collagenase is a potent enzyme that has the ability to cleave collagen molecules at different sites. We speculated that the TA hydrogen-bonded to multiple sites on collagen molecules, and reduced possible cleavage sites and stabilized the TA-dentin matrix complex. In all demineralized dentin matrices, collagenolytic matrix metalloproteinases are bound to collagen. These endogenous MMPs may also be inhibited by TA (Pashley, unpublished observations). Hence, clinically exposed collagen would be subjected to degradation by endogenous MMPs (Hebling et al., 2005; Carrilho et al., 2007) , which act in specific sites of the collagen molecule. The use of high concentrations of soluble bacterial collagenase represents a more aggressive bacterial challenge than could be expected by bound endogenous MMPs in 24 hrs.
Analysis of the bond strength data demonstrated that TA can increase the dentin-resin bond strength, regardless of the pH used. The results suggest that the degree of ionization of the carboxylic acid of TA has no influence on μTBS. In the μTBS studies, acid-etched dentin was treated with 20%TA for 1 hr, a treatment time that is not clinically appropriate. However, 20%TA treatment for 10 min produced an almost 6-fold increase in the modulus of elasticity of dentin matrices in this study. Future work will determine if shorter (e.g., 1-5 min) applications of 20%TA can result in higher μTBS. The effect of TA treatment on resin-enamel bond strengths must also be evaluated prior to recommended clinical use. It has been observed that 20% and 25%TA did not completely remove the smear layer on prepared dentin and left the orifices of dentinal tubules partially occluded when applied for 10 and 15 min to undemineralized dentin disks (Sabbak and Hassanin, 1998) . Those results reinforce the weak acidity of TA (pKa = 4.4), which would probably have low impact on further demineralization of the dentin surface and consequently may partially explain the lack of difference in the bond strengths between pH 2.8 and 7.4 TA-treated groups. The use of 20% TA at pH 7.4 followed previous studies (Bedran-Russo et al., 2007) in which cross-linking solutions had their pH adjusted to a neutral level. Such a pH is more desirable, since it would have low impact on the undemineralized dentin and also on the mechanism of TA-collagen interaction (Ku et al., 2007) . It has been reported that the interaction of proanthocyanidin (also a condensed tannin) with proline-rich proteins is pH-dependent, in which the greatest precipitation was found to be near the isoelectric point of protein (Bennick, 2002) . Therefore, the use of pH 7.4 may be indicated during restorative procedures involving TA.
The ability of TA-dentin matrix complexes to increase the mechanical properties of dentin, reduce enzymatic degradation, and increase resin-dentin bond strength demonstrate the utility of incorporating tissue-engineering/biomimetic approaches into restorative dentistry. The use of biologically inspired mechanisms such as increased collagen stiffness by the presence of collagen cross-links and hydrogen bonds is possible by the use of naturally occurring products, such as tannic acid.
